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ABSTRACT 
Th is  study, conducted upder Contract  NASIO-3147, w i t h  t h e  John F .  
Kennedy Space Center s tud ied  the  impact o f  t o x i c  p r o p e l l a n t s  on p l a n t  
species on and near KSC. 
N i t rogen  t e t r o x i d e  which i s  c u r r e n t l y  used as an o x i d i z e r ,  and 
hydrogen f l u o r i d e  which would be the  t o x i c  vapor f rom a f luor ide-based 
o x i d i z e r ,  were the  p r o p e l l a n t s  studied. Th is  s tudy  was concerned o n l y  
w i t h  h i g h  vapor concen t ra t i on ,  s h o r t  d u r a t i o n  exposures which might re- 
s u l t  f rom launch opera t i ons .  
The vapors o f  b o t h  p r o p e l l a n t s  caused p l a n t  damage i n  p r o p o r t i o n  t o  
the  vapor concen t ra t i on  and exposure t ime, Boundary c o n d i t i o n s  f o r  damage 
by NO2 v a r i e d  f rom 25 ppm for  f o u r  hours t o  250 ppm f o r  15 minutes,  
Boundary l e v e l s  f o r  HF ranged from 15 ppm f o r  two hours t o  8 ppm f o r  four  
hours 
The minimal e f f e c t s  o f  b o t h  vapors on p l a n t  t i s s u e  resemble the  
symptoms produced by environmental  stresses, i n s e c t s  and diseases. The 
maximum e f f e c t s  observed included complete d e f o l i a t i o n ,  absc i ss ion  o f  
f l o w e r s  and f r u i t s  and necros is  o f  te rmina l  shoots, Vapor concent ra t ions  
and/or exposure t ime  s i g n i f i c a n t l y  above the maximum l e v e l s  s tud ied  i n  
t h i s  program c o u l d  be expected t o  produce complete nec ros i s  o f  p l a n t s .  
HF was approx imate ly  20 t imes more e f f e c t i v e  on a concen t ra t i on  
P l a n t  damage induced by HF b a s i s  than NO2 i n  induc ing  p l a n t  damage. 
can be d i s t i n g u i s h e d  from t h a t  induced by NO2 on the  b a s i s  o f  the  species 
a f f e c t e d ,  type  of t i s s u e  in ju red ,  p a t t e r n  o f  symptom development and ex- 
p ress ion ,  and chemical analyses. 
I n j u r i e s  t o  p l a n t s  observed i n  t h i s  s tudy  ranged from marginal  
e f f e c t s  through complete d e f o l i a t i o n .  The v i s i b l e  expressions o f  i n j u r y  
a r e  desc r ibed  f o r  a number of c i t r u s  v a r i e t i e s  and ornamental species.  
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1 .O INTRODUCTION 
Th is  study was conducted t o  determine the  e f f e c t s  of short- term, h i g h  
concen t ra t i ons  o f  NO2 and HF vapor on p l a n t  l i f e  i n  and around t h e  KSC area. 
The p l a n t s  growing i n  t h a t  area were i d e n t i f i e d  and a s e r i e s  o f  p r e l i m i n a r y  
fumigat ions  were conducted t o  determine the  r e l a t i v e  s e n s i t i v i t y  o f  a number 
o f  these p l a n t s  t o  i n j u r y  by p r o p e l l a n t  vapors, 
Six c i t r u s  v a r i e t i e s  and s i x  ornamental species were se lec ted  from 
t h i s  screening and exposed t o  p r o p e l l a n t  vapors a t  va r ious  t ime-concent ra t ions .  
The v i s i b l e  expressions o f  i n j u r y  were documented and f o l i a r  analyses o f  
p l a n t  t i s s u e  conducted to  o b t a i n  c o r r e l a t i o n  da ta  between c o n d i t i o n s  o f  ex- 
posure and f o l i a r  accumulat ion.  
RESULTS AND CONCLUSIONS 
The r e s u l t s  o f  these fumigat ions  show t h a t  even shor t - te rm exposures t o  
HF o r  NO2 w i l l  cause s i g n i f i c a n t  i n j u r y  t o  p l a n t s .  
w e l l  below those t o l e r a t e d  by humans or animals w i l l  cause dramat ic p l a n t  
i n j u r y  i n  l ess  than e i g h t  hours.  Concentrat ions o f  NO2 which cause p l a n t  
i n j u r y  f o r  shor t - te rm exposures a r e  w e l l  above the  maximum a l l o w a b l e  concen- 
t r a  t i o ns f o r  humans . 
Concentrat ions o f  HF 
R e l a t i v e l y  l o w  l e v e l s  of  HF or somewhat h igher  l e v e l s  o f  NO2 w i l l  r e s u l t  
i n  i d e n t i f i a b l e  p l a n t  damage. I f  th resho ld  concent ra t ions  o r  exposure t imes 
a r e  exceeded, the  damage w i l l  i nc lude  d e f o l i a t i o n s ,  necros is ,  and c h l o r o s i s  
o f  t he  t i s s u e s .  Th is  can be expected to  r e s u l t  i n  p a r t i a l  o r  complete loss  
of t he  c r o p  f o r  t h e  year.  
RECOMMENDATIONS 
T h i s  study d i d  not assess t h e  long-term s i g n i f i c a n c e  o f  these exposures, 
S ince  f l u o r i d e ,  u n l i k e  NO2, accumulates i n  the  f o l i a g e  o f  p l a n t s ,  i t  i s  
p o s s i b l e  t h a t  even a s i n g l e  exposure t o  HF would r e s u l t  i n  the  abso rp t i on  o f  
enough f l u o r i d e  i n  p l a n t  t i s s u e  to a f f e c t  subsequent growth. Therefore, 
f u r t h e r  s t u d y  t o  assess the  long-term e f f e c t s  on p l a n t s  o f  acu te  exposure t o  
- 1 -  
HF i s  requ i red  be fo re  d e f i n i t i v e  est imates o f  the t o t a l  ex ten t  o f  the i n j u r y  
can be made. Since a s tudy of  long-term e f f e c t s  requ i res  severa l  years,  i t  
i s  recommended t h a t  t h i s  be g iven a t t e n t i o n  w e l l  i n  advance o f  any proposed 
use o f  f l u o r i n e  o x i d i z e r s .  
Mon i to r i ng  i ns t rumen ta t i on  s e n s i t i v e  t o  low l e v e l s  of HF w i l l  be requ i red  
i n  the f i e l d  whenever and wherever f l u o r i n e  o x i d i z e r s  a r e  employed. The in -  
s t rumenta t ion  s u i t a b l e  f o r  d e t e c t i n g  vapor hazards t o  personnel  i s  no t  sensi-  
t i v e  enough t o  de tec t  hazards t o  p l a n t s .  Th i s ,  too,  should rece ive  a t t e n t i o n  
w e l l  i n  advance o f  t he  use o f  f l u o r i n e .  
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2 . 0  FIELD SURVEY 
2 . 1  INTRODUCTION 
The presence on  t h e  Mer r i  t t  I s land  Launch Area o f  numerous c i  t r u s  groves 
which a r e  owned by the  Government b u t  leased t o  commercial i n t e r e s t s  was one 
f a c t o r  which i n f l uenced  i n i t i a t i o n  o f  t h i s  program. These groves, many o f  
them i n  c l o s e  p r o x i m i t y  t o  the  launch area, would r e c e i v e  the heav ies t  dosage 
o f  p r o p e l l a n t  vapors i n  the  event of  a s p i l l  o r  i n c i d e n t .  A 15-mile rad ius  
from Launch Complex 39 i nc ludes  n o t  o n l y  those leased groves, b u t  a d d i t i o n a l  
c i t r u s  acreage on M e r r i t t  i s l a n d  and ornamental p l a n t i n g s  surrounding dwe l l -  
ings on b o t h  M e r r i t t  I s l a n d  and the  F l o r i d a  mainland. 
A f i e l d  survey was conducted o f  t h i s  area and conversa t ions  were h e l d  
w i t h  t h e  County A g r i c u l t u r a l  Agent and o the rs  t o  determine which p l a n t s  (bo th  
c i t r u s  and ornamentals) should be considered for the  exper imental  program. A 
f u r t h e r  o b j e c t  o f  the  f i e l d  survey was t o  determine some o f  t he  environmental  
f a c t o r s  p resen t  i n  t h e  area which might c o n t r i b u t e  to  changes i n  s e n s i t i v i t y  
of v e g e t a t i o n  t o  p rope l  l a n t  vapois.  
2 . 2  CITRUS VARIETIES 
C i t r u s  v a r i e t i e s  p resent  w i t h i n  the area under cons ide ra t i on  inc luded 
Valencia,  Hamlin, Tangelo, Temple and Pineapple Oranges and Marsh Seedless 
G r a p e f r u i t .  Other c i t r u s  p l a n t i n g s  o f  Navel Oranges, Tangerines and Duncan 
G r a p e f r u i t  a r e  p resent  i n  the  area. These v a r i e t i e s  which i n c l u d e  t h e  fancy I 
f r u i t s  fo r  g i f t  shipments a r e  no t  as ex tens i ve l y  p l a n t e d  as 
f i r s t  mentioned. 
2 . 3  ORNAMENTAL SPEC I ES 
Ornamentals w i t h i n  t h e  area inc lude most o f  t h e  subtrop 
he s i x  v a r i e t i e s  
c a l  spec es common 
t o  t h e  F l o r i d a  eas t  coas t .  These a r e  p resen t  a s  dooryard p l a n t i n g s  p r i n c i p a l l y  
on the  F l o r i d a  mainland, a l though a f e w  r e s i d e n t i a l  areas a r e  on M e r r i t t  I s l a n d  
ad jacen t  t o  t h e  KSC f a c i l i t y .  No e f f o r t  was made t o  i d e n t i f y  the  occas iona l  
p l a n t i n g s  of specimen or r a r e  p l a n t s  which migh t  be included w i t h i n  t h i s  area. 
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The p r i n c i p a l  species o f  ornamentals found i n  t h i s  area included: 
A 1 lamanda (A 1 1 amanda c a t  h a r t  i ca) 
A u s t r a l i a n  P ine  (Castanospermum a u s t r a l e )  
Aza lea (Rhododendron canescens) 
Barbados Cherry (Malpighia g lab ra )  
Bougainvi 1 lea (Bougainvi 1 lea  spectabi  1 i s )  
Boxwood (Buxus m ic rophy l l a )  
Car issa (Car issa carandas) 
Croton (Cod iaeum va r i ega tum) 
Flame Vine (Pyrostegia ignea) 
Gardenia (Gardenia radicans) 
H ib i scus  (Hibiscus rosa-s i nens i s )  
I xora ( I xora cocci  nea) 
Jacaranda (Jacaranda a c u t i f o l  i a )  
Jasmine (Gardenia rad icans)  
Jun iper  (Juniperus c o n f e r t a )  
L i  gustrum (Ligustrum 1 uc idum) 
Mela leuca (Melaleuca leucadendra) 
Oleander (Nerium oleander)  
P i  t tosporum ( P i  ttosporum t o b i  ra )  
Poi nse t  t a  (Euphorb i a pu 1 cher r ima) 
Pyracantha (Pyracantha cocc i nea) 
Rose o f  Sharon (Hibiscus sy r iacus )  
Sea Grape (Coccolobis u v i f e r a )  
S lash  Pine (Pinus car ibaea)  
Turks Cap (Ma 1 vavi scus arboreus) 
Viburnum (Viburnum) 
Annuals and herbaceous p e r e n n i a l s  were n o t  considered t o  possess s u f f i c i e n t  
economic importance t o  war ran t  study or l i s t i n g .  
2.4 ENVIRONMENTAL AND CULTURAL C O N D I T I O N S  
I n  s tudy ing  the  c o n d i t i o n s  present i n  the  area which migh t  predispose 
v e g e t a t i o n  t o  i n j u r y  by  t o x i c  p r o p e l l a n t s ,  p r i n c i p a l  a t t e n t i o n  was p a i d  t o  
t h e  commercial c i t r u s  acreage on and near M I l A .  Dooryard p l a n t i n g s  o f  
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ornamental species a r e  sub jec t  t o  extremes i n  ca re  and c u l t u r e ,  depending 
upon t h e  whims o f  the  p roper t y  owner, and no g e n e r a l i z a t i o n  as t o  condi-  
t i o n  o f  ornamental p l a n t i n g s  would be v a l i d .  The commercial c i t r u s  groves 
are,  however, s y s t e m a t i c a l l y  maintained by the owners o r  by commercial 
grove c a r e t a k i n g  companies. Un fo r tuna te l y ,  t h i s  maintenance i s  n o t  uni form, 
w i t h  the  r e s u l t  t h a t  a wide v a r i e t y  o f  n u t r i t i o n a l  d i so rde rs ,  i n s e c t  damage 
and p l a n t  diseases can be found i n  the groves w i t h i n  the  area. O f  these, 
n u t r i t i o n a l  d i so rde rs  would be the  important f a c t o r  which might predispose 
p l a n t s  t o  i n j u r y  by a i r  p o l l u t i o n .  
W i t h i n  the  area, groves which were no t  w e l l  ma in ta ined showed c l e a r  
evidence o f  boron and manganese d e f i c i e n c i e s  on g r a p e f r u i t  and i r o n  and 
magnesium d e f i c i e n c i e s  on a l l  c i t r u s  v a r i e t i e s .  
The p l a n t  i s  a complex b i o l o g i c a l  system c o n t r o l l e d  by the  i n t e r a c t i o n  
of g e n e t i c  and environmental  f a c t o r s .  Therefore,  t he  s t a t u s  o f  t he  p l a n t  
and the  q u a l i t y  o f  i t s  environment m u s t  be considered i n  any e v a l u a t i o n  o f  
the  e f f e c t s  o f  a i r  p o l l u t a n t s  on vegeta t ion .  Both f a c t o r s  must be considered 
f o r  two b a s i c  reasons. F i r s t ,  t h e  response o f  t h e  p l a n t  to  the  p o l l u t a n t  
w i l l  be mod i f i ed  o r  be dependent upon these f a c t o r s .  Second, environmental  
e f f e c t s  can resemble c h r o n i c  o r  res idua l  e f f e c t s  o f  a i r  p o l l u t a n t s .  N u t r i -  
t i o n a l  s t a t u s  i s  known t o  a f f e c t  t h e  metabo l ic  responses,’ the  rep roduc t i ve  
processes2 and the  appearance o f  f o l i a r  i n j u r i e s  i n  HF-fumigated p l a n t s .  
Moreover, t he  p a t t e r n  induced by  ch ron ic  HF exposure i s  i n d i s t i n g u i s h a b l e  
f r o m  symptoms o f  manganese de f i c iency  and, i n  c e r t a i n  cases, f rom i r o n  
c h l o r o s i s  o r  water s t r e s s .  
p l a n t s  i s  n o t  known. 
The e f f e c t  o f  m ine ra l  n u t r i t i o n  on NO*-fumigated 
Y 
Applegate,  H .D . ,  and D .  F .  Adams, N u t r i t  
S u s c e p t i b i l i t y  on Bean Seedl ings.  Phyton 
Pazk, Mer r i  11 R., Response o f  Tomato F r u  
I n f l u e n c e d  by Calcium N u t r i t i o n .  J. A i r  
16: 541-544. 1966. 
ona l  and Water S t ress  on F l u o r i d e  
14: 111-120. 1960. 
t i n g  t o  Hydrogen F l u o r i d e  as 
P o l l u t i o n  Cont. Assoc. 
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3.0 PRELIMINARY SCREENING TO DETERMINE 
EXPOSURE LEVELS 
3 . 1  INTRODUCTION 
i 
\ 
Phase I p l a n t  fumigat ions  were designed t o  determine f o r  gaseous hydrogen 
f l u o r i d e  (HF) and n i t r o g e n  d i o x i d e  (NO2),  
exposures necessary t o  induce v i s i b l e  p l a n t  responses ranging from no i n j u r y  t o  
severe damage. 
the  range o f  c o n c e n t r a t i o n  x d u r a t i o n  
Two c i t r u s  v a r i e t i e s  (Hamlin and Valencia oranges) and t w o  ornamental 
species ( I x o r a  coccinea and Hib iscus rosa-s inensis)  t h a t  a r e  commonly grown i n  
Brevard County, F l o r i d a ,  were se lec ted  f o r  these i n i t i a l  screenings.  Two p l a n t s  
of  each species o r  v a r i e t y  were subjected t o  each o f  the  30 exposures l i s t e d  i n  
Table 1 .  P lan t  i n j u r y  was determined by p o s t - f u m i g a t i o n  observa t ions  o f  each 
p l a n t .  
! 
3 . 2  HYDROGEN FLUORIDE 
The 18 HF exposures i n  Phase I ranged f r o m  an exposure va lue (expressed as , 
c o n c e n t r a t i o n  x d u r a t i o n )  o f  0 . 5  ppmehrs. (0 .5  ppm. HF f o r  one hour) t o  40 ppmehrs 
(10 ppm. f o r  f o u r  hours ) .  The lowest exposure was no t  i n j u r i o u s  t o  Valencia 
orange t r e e s  o r  t o  l x o r a  o r  H ib iscus  p l a n t s ,  b u t  s l i g h t  t i p  and marg ina l  c h l o r o s i s  
was induced on approx imate ly  20 per cent of  the  young leaves o f  Hamlin orange 
t r e e s .  The most acu te  exposure r e s u l t e d  i n  damage t o  a l l  p l a n t s .  Complete de- 
f o l i a t i o n  of young leaves, necros is  of succulent  shoots,  a b s c i s s i o n  o f  a l l  young 
f r u i t ,  and moderate i n t e r c o s t a l  necros is  o f  the  o l d e r  f o l i a g e  o f  b o t h  c i t r u s  
v a r i e t i e s  were observed. A l l  H ib iscus leaves were severe ly  n e c r o t i c ,  brown, 
and des icca ted ;  never the less,  they d i d  no t  d e f o l i a t e .  F o l i a r  necros is  o f  l x o r a  
p l a n t s  was most pronounced a t  t h e  te rmina l  p o r t i o n s  o f  stems and became g e n e r a l l y  
less  severe toward t h e  base o f  t h e  p l a n t s .  Many o f  these symptoms were e v i d e n t  
w i t h i n  one hour a f t e r  fumigat ion .  
Exposure values between these extremes r e s u l t e d  i n  p l a n t  i n j u r y  of i n t e r -  
mediate s e v e r i t y .  I n  genera l ,  v i s i b l e  symptoms o f  i n j u r y  tended t o  become more 
pronounced when p l a n t s  were exposed t o  HF f o r  a longer p e r i o d  of  t ime,  o r  t o  a 
h i g h e r  c o n c e n t r a t i o n ,  o r  bo th  
1 
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The r e l a t i v e  s e n s i t i v i t y  o f  the  fou r  p l a n t s  t o  HF i n  Phase I fumigat ions  
was as f o l l o w s :  
Hamlin orange > Valencia orange > Hib iscus  > l x o r a  
The p rog ress i ve  development o f  i n j u r y  symptoms i s  descr ibed i n  d e t a i l  f o r  
Phase I l l  fumigat ions  and w i l l  no t  be discussed here.  
3.3 NITROGEN D I O X I D E  
Exposure values o f  the  I3 Phase I p l a n t  fumigat ions  w i t h  NO2 ranged f r o m  
10 ppmnhrs. (40 ppm. f o r  0.25 hour) t o  375 ppmehrs. (150 ppm. f o r  2.5 hours ) .  
However, concent ra t ions  o f  25 t o  250 ppm. NO2 and du ra t i ons  up t o  e i g h t  hours 
were a l s o  inc luded i n  these fumigat ions (Table I ) .  No v i s i b l e  symptoms of 
i n j u r y  were ev iden t  on p l a n t s  exposed t o  the  lowest NO2 exposure, b u t  t he  
h ighes t  exposure r e s u l t e d  i n  90 t o  100 per  cent nec ros i s  o f  a l l  leaves o f  
H ib iscus  and l x o r a  p l a n t s .  I n j u r y  to Valencia and Hamlin orange t rees  was 
severe w i t h  complete nec ros i s  of young leaves and 90 t o  100 per  cent  d e f o l i a -  
t i o n  o f  o l d e r  leaves. The remaining exposures r e s u l t e d  i n  i n j u r y  between 
these extremes. Pos t - fumigat ion  observat ions revea led  t h a t  o f  t he  f o u r  
p l a n t  species fumigated i n  Phase I ,  Hibiscus p l a n t s  were the  most s e n s i t i v e  t o  
N02-induced i n j u r y  and l x o r a  p l a n t s  were the  most r e s i s t a n t .  Hamlin and 
Valencia orange t r e e s  were s l i g h t l y  l e s s  s e n s i t i v e  than H ib iscus  p l a n t s .  
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TABLE 1 
PHASE I FUMIGATIONS WITH HF AND NO2 PROVIDED TO HAMLIN 
ORANGE, VALENCIA ORANGE, HIBISCUS, AND IXORA PLANTS 
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4.0  SCREENING AND SELECTION OF ORNAMENTAL PLANTS 
4.1 I NTRODUCTI ON 
A major t a s k  o f  t h i s  i n v e s t i g a t i o n  was t o  observe and eva lua te  the  responses 
of s i x  c i t r u s  v a r i e t i e s  and s i x  ornamental species hav ing v a r y i n g  degrees o f  
s e n s i t i v i t y  t o  HF and NO2 (Phase I l l ) ,  Therefore,  Phase I I  fumigat ions were 
designed t o  a s c e r t a i n  the  r e l a t i v e  s e n s i t i v i t y  o f  a broad spectrum o f  ornamental 
species com.nonly grown i n  C e n t r a l  F l o r i d a  f rom which s i x  were u l t i m a t e l y  
se lec ted  f o r  Phase I l l  exper iments.  
F i v e  r e p l i c a t e  p l a n t s  o f  each o f  the 16 ornamental p l a n t  species l i s t e d  i n  
Table 2 were exposed t o  the  seven HF and n i n e  NO2 fumigat ions  descr ibed i n  
Table 3 .  
4 . 2  HYDROGEN FLUOR I DE 
The magnitude o f  HF-induced p l a n t  damage i n  each o f  t h e  Phase I I  fumigat ions  
served as t h e  c r i t e r i o n  f o r  rank ing  the 16 ornamental p l a n t  species as t o  t h e i r  
r e l a t i v e  s e n s i t i v i t y  t o  HF. The observed p l a n t  i n j u r y  was d i v i d e d  i n t o  t h r e e  
a r b i t r a r y  ca tegor ies :  (a) very  s e n s i t i v e ,  (b) moderate ly  s e n s i t i v e ,  and 
(c) r e l a t i v e l y  r e s i s t a n t .  W 
o r d e r  o f  decreas i ng sens i t  i v 
Very sens 
t h i n  each grouping t h e  species were ranked i n  
t y  t o  HF: 
t i v e :  ( 1 )  Azalea 
(2) Bougai n v i  1 l ea  
(3 )  Melaleuca 
(4) Pyracantha 
(5)  Gardenia 
Moderate ly  s e n s i t i v e :  ( 1 )  0 leander 
(2) Cape Jasmine 
(3)  P i  t tosporum 
(4) Shore Juniper  
(5)  H ib iscus  
(6) L igust rum 
(7)  txora 
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TABLE 2 
ORNAMENTAL S P E C I E S  USED I N  ALL PHASE I I 
FUMIGATIONS WITH NO2 AND HF 
COMMON NAME 
;X r o t o n  
;?Me 1 a 1 euca 
9:Aza 1 ea 
Bouga inv i l l ea  
Shore Jun iper  
P i t tospo rum 
L i gus t  rum 
X a  r i ssa 
0 leander 
+:H i b i scus 
i’c I xora 
Pyracantha 
Gardenia 
Cape Jasmine 
S lash  Pine 
Palmetto 
BOTAN I CAL NAME 
Codiaeum varieqatum 
Me 1 a 1 euca 1 eucadend ra  
Rhododendron canescens 
Bouqa inv i l l ea  s p e c t a b i l i s  
Juniperus c o n f e r t a  
P i t tosporum t o b i r a  
Liqustrum lucidum 
Carissa carandas 
Ner i um o l  eander 
H ib iscus  rosa-s inens is  
I xora cocc i  nea 
Pyracantha coccinea 
Gardenia i asmi no i des 
Garden i a  rad  i cans 
Pinus car ibaea 
Sabal Palmetto 
~ 
+:Species se lec ted  for Phase I l l  fumigat ions .  
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TABLE 3 
CONCENTRATION 
(PPm 
CONCENTRATION, DURATION, AND TOTAL EXPOSURE VALUES 
FOR PHASE I I PLANT FUMIGATIONS WITH HF AND NO2 
DURATION EXPOSURE 
(hrs .) (ppm. h r s  . )  POLLUTANT 
HF 
N02 
0.3 
0.5 
1 . 5  
4 
4 
6 
8 
10 
2 5  
30 
40 
50 
100 
1 5 0  
200 
2 5 0  
2 
2 
4 
2 
2 
1 
4 
8 
6 
4 
3 
1 . 7  
1 
0 .7  
0.3 
0.2 
0.6 
1 
6 
I 8 
8 
6 
I 3 2  
80 
1 5 0  
120  
1 2 0  
I 85 
100 
105 
60 
50 
- 1 0  - 
R e l a t i v e l y  r e s i s t a n t :  ( 1 )  Car issa 
(2) Croton 
I n j u r y  t o  Slash Pine and Palmetto was e r r a t i c  and d i d  n o t  f o l l o w  any p a t t e r n .  
R e p l i c a t e  p l a n t s  o f  a g i ven  fumigat ion  o f t e n  d i sp layed  symptoms rang ing  from 
n o  v i s i b l e  i n j u r y  t o  severe necros is  and/or complete d e f o l i a t i o n .  Fu r the r -  
more, when d e l i v e r e d  to the  t e s t  s i t e ,  some o f  these p l a n t s  d i sp layed  symptoms 
o f  n u t r i t i o n a l  d e f i c i e n c i e s  and water s t r e s s .  I t  was t h e r e f o r e  impossible to  
make a v a l i d  assessment o f  HF-induced i n j u r y .  Consequently, Slash P ine  and 
Palmetto p l a n t s  were o m i t t e d  f rom the  above rank ings .  
4.3 NITROGEN D I O X I D E  
The I6 ornamental species were grouped and ranked as descr ibed above w i t h  
respect to  t h e i r  r e l a t i v e  s e n s i t i v i t y  to NO2 fumigat ions .  
Very sens i t i  ve: ( 1 )  Azalea 
(2)  Oleander 
(3 )  Bouga inv i l l ea  
(4) Pyracantha 
(5) H ib iscus  
Moderately sens i t ive:  ( 1 )  P i  t tosporum 
(2)  Melaleuca 
(3) L igustrum 
(4) l x o r a  
(5) Cape Jasmine 
(6) Gardenia 
R e l a t i v e l y  r e s i s t a n t :  ( 1 )  Shore Juniper 
(2) Car issa  
(3) Croton 
S lash  P ine  and Palmetto p l a n t s  were no t  inc luded i n  these rankings f o r  t he  
reasons descr ibed above. 
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4.4 NlTRATE ANALYSIS 
Analyses o f  NO2 exposed p l a n t  t i ssues  were d e s i r a b l e  t o  determine the  
amount o f  p o l l u t a n t  absorbed d u r i n g  f u m i t a t i o n .  Growing p l a n t s ,  unless main- 
t a ined  under c o n d i t i o n s  o f  severe n i t rogen  s t ress ,  c o n t a i n  r e l a t i v e l y  h i g h  
concen t ra t i ons  o f  a g rea t  many n i t r o g e n  c o n t a i n i n g  o rgan ic  and ino rgan ic  
substances. Thus, i t  was d o u b t f u l  whether analyses f o r  t o t a l  n i t r o g e n  con- 
t e n t  o f  N02-fumigated p l a n t s  would reveal  any increase over the  h i g h  back- 
ground n i t r o g e n  con ten t .  The m o s t  l o g i c a l  approach was t o  determine changes, 
i f  any, i n  the  n i t r a t e  n i t r o g e n  (NO3) con ten t .  
N i t r a t e  (NO3) analyses o f  f o l i a g e  samples f rom 1 1  species,  rep resen t ing  
th ree  NO2 fumigat ions  (60, 120, I50 ppm hrs )  were determined by the  pheno ld i -  
s u l f o n i c  a c i d  method o f  Harper (19241, f o l l o w i n g  the  m o d i f i c a t i o n  o f  Blackman 
and Templeman (1940) fo r  p l a n t  t i ssues .  Equal weights ( f rom 0.1 - 1.0 gram) 
o f  d r i e d  p l a n t  m a t e r i a l  and magnesium o x i d e  were b o i l e d  i n  100 m l .  o f  water 
f o r  f i v e  minutes t o  remove the  ammonia-nitrogen. A f t e r  coo l i ng ,  2 m l .  o f  a 
sa tu ra ted  s i l v e r  s u l f a t e  s o l u t i o n  were added t o  p r e c i p i t a t e  any c h l o r i d e s  
present .  The s o l u t i o n  was f i l t e r e d ,  deco lo r i zed  w i t h  charcoa l ,  and made to  a 
volume o f  250 m l .  w i t h  water .  Three a l i q u o t s  o f  10 m l .  each were added t o  
evapora t i ng  pans and evaporated to  dryness. The res idue was d i sso l ved  i n  
1 m l .  of p h e n o l d i s u l f o n i c  a c i d ’  and washed i n t o  a vo lumet r i c  f l a s k  w i t h  10 m l .  
of water .  
added, and the  s o l u t i o n  was then made t o  25 ml. w i t h  water and shaken f o r  a 
few seconds t o  develop the  c o l o r .  The o p t i c a l  d e n s i t y  was measured spec t ro -  
p h o t o m e t r i c a l l y  a t  400 mp and the  p g .  NO3 was determined by re fe rence t o  a 
s tandard  curve prepared us ing  KNO3 standards. 
Ten m l .  o f  concent ra ted  NH40H d i l u t e d  t o  1 t o  3 w i t h  water was 
The r e s u l t s  o f  these analyses were extremely v a r i a b l e ,  and no conc lus i ve  
i n fe rences  cou ld  be made. For example, leaves o f  Azalea p l a n t s  exposed to  
60 ppm-hrs.  NO2 were found t o  con ta in  8845 ppm. NO3 on a dry-weight bas i s ;  
when t h e  exposure va lue  was doubled, p l a n t s  o f  t h i s  species conta ined o n l y  
P h e n s l d i s u l f o n i c  a c i d  was prepared by d 
150 m l .  o f  concent ra ted  H2SO4, to  which 
added. The m i x t u r e  was heated i n  a b o i  
s s o l v i n g  25 grams of pure  phenol i n  
75 m l .  o f  fuming s u l f u r i c  a c i d  was 
i n g  water ba th  f o r  two hours. 
- 12 - 
4885 ppm. Oleander p l a n t s  responded i n  a d i f f e r e n t  manner; when the  exposure 
va lue  was increased by a f a c t o r  o f  2, from 60 t o  120 ppm-hrs, t he  f o l i a r  NO3 
con ten t  increased more than t e n - f o l d ,  from 3899 t o  44,115 ppm. Analyses o f  leaves 
o f  i- l ibiscus p l a n t s  exposed to  60, 120, and 150 ppm.hrs. NO2 showed the  NO3 con- 
t e n t  t o  be 1661, 12,453, and 6751 ppm, r e s p e c t i v e l y .  
Inherent  b i o l o g i c a l  v a r i a b i l i t y  and d i s s i m i l a r  sampling techniques cannot 
account f o r  t he  extreme v a r i a b i l i t y  observed. The n u t r i t i o n a l  s t a t u s  o f  t he  
exper imental  m a t e r i a l  w i t h  respect t o  n i t r o g e n  i s  p robab ly  the  major cause. 
A l though un i fo rm c u l t u r a l  p r a c t i c e s  were prov ided a t  t he  t e s t  s t e ,  t he re  i s  no 
way o f  de termin ing  the  p l a n t s '  s t a t u s  p r i o r  t o  d e l i v e r y .  I t  i s  concluded, 
t h e r e f o r e ,  t h a t  a n a l y s i s  of p l a n t  t i ssues  as a bas i s  f o r  determ n i n g  the  amount 
o f  NO2 p o l u t i o n  i s  n o t  p r a c t i c a l .  
- 13 - 
I 
5.0 EFFECTS OF HF AND NO2 VAPOR ON SELECTED 
CITRUS AND ORNAMENTAL PLANTS 
5 . 1  INTRODUCTION 
The f i n a l  s e r i e s  o f  fumigat ions were designed t o  determine the  lzature and 
e x t e n t  o f  p l a n t  damage t h a t  might  be expected i n  the  event of an a c c i d e n t a l  re-  
lease o f  t o x i c  p r o p e l l a n t  d u r i n g  launch o p e r a t i o n s  r e s u l t i n g  i n  HF o r  NO2 con- 
taminated atmosphere. 
S i x  d i f f e r e n t  c i t r u s  v a r i e t i e s  of  economic importance, commerc ia l ly  grown 
i n  and around the M e r r i t t  I s l a n d  Launch Area, were s e l e c t e d  f c r  the Phase 1 1  I 
f umi ga t ions : 
Ham 1 i n 0 range 
Va 1 enc i a 0 range 
Temple Orange 
Pineapple Orange 
Tangelo 0 range 
Marsh Seedless G r a p e f r u i t  
Two ornamental species from each o f  t h e  p r o p e l l a n t  s e n s i t i v i t y  ca tegor ies  
were s e l e c t e d  from the 16 v a r i e t i e s  screened i n  Phase I I .  Al though the  same 
species were used f o r  b o t h  HF and NO2 fumigat ioRs, the  s e n s i t i v i t y  r a t i n g s  were 
no t  n e c e s s a r i l y  t h e  same f o r  t h e  t w o  p o l l u t a n t s  (Table 4 ) .  
Exposures t o  HF were based on the r e s u l t s  ob ta ined f r o m  Phase i I  e x p e r i -  
ments. A range of  exposure values was s e l e c t e d  which would range f rom 6evels 
t h a t  would induce l i t t l e  o r  no damage to  s e n s i t i v e  species up t o  t h e  l e v e l  which 
would cause i n j u r y  to the  more r e s i s t a n t  species.  Concentrat ions z n d  t imes 
were s e l e c t e d  so t h a t  two o r  more d i f f e r e n t  concent ra t ions  and t imes o f  expo- 
sure  r e s u l t e d  i n  the  same t o t a l  exposure va lues when expressed as  ppm.hrs. I n  
t h i s  way, the ex is tence o f  r e c i p r o c i t y  between these two parameters, as they 
a f f e c t  p l a n t  i n j u r y ,  cou ld  be determined. The 15 HF and I3 NC2 Phase I l l  
fumigat ions a r e  descr ibed i n  Table 5 .  
Pos t - fumigat ion  observat ions o f  a l l  p l a n t s  were made t o  assess the na ture  
and e x t e n t  o f  the  p o l l u t a n t - i n d u c e d  c h l o s o r i s ,  necros is ,  d e f o l i a t i o n ,  and 
f l o w e r  and f r u i t  a b s c i s s i o n .  I n  a d d i t i o n  t o  these observat ions,  a l l  p l a n t s  
- 14 - 
TABLE 4 
ORNAMENTAL SPEC I ES SELECTED FOR PHASE 1 I I FUM P GAT P ONS 
WITH HF AND N02, GROUPED ACCORDING TO THEIR RELATIVE 
SENSITIVITY TO THE POLLUTANTS AS DETERMINED I N  
PHASE I I  EXPERIMENTS 
RELAT I VE SENS I TI V I  TY 
Very s e n s i t i v e  
Modera te ly  s e n s i t i v e  
R e l a t i v e l y  r e s i s t a n t  
POLLUTANT 
- HF N02 
I 
Aza 1 ea 
H i  b i scus 
Me 1 a 1 euca 
I xora  
Croton 
Car i ssa 
Aza 1 ea 
Mela leuca 
H i  b i scus 
I xora  
Cro ton  
Car i ssa 
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TABLE 5 
CONCENTRATION, DURATION AND TOTAL EXPOSURE FOR PHASE DIS 
PLANT FUMIGATIONS WITH HF AND NO2 
, CONC ENTRAT D ON 
POLLUTANT (pprn) 
HF 
No 2 
0.5 
0.5 
0.5 
1 
1 
1 
2 
2 
2 
4 
4 
4 
8 
8 
8 
25 
25 
50 
50 
50 
100 
100 
100 
150 
150 
200 
200 
250 
DURAT I ON 
(hrs)  
2 
4 
8 
2 
4 
8 
1 
2 
4 
1 
4 
8 
0.5 
1 
4 
4 
8 
2 
4 
8 
0.5 
1 
2 
2 
4 
0.5 
1 
1 
EX POSURE 
(pprn - h P S  ) 
1 
2 
4 
2 
4 
8 
2 
4 
8 
4 
16 
32 
4 
8 
32 
100 
200 
100 
200 
400 
50 
100 
200 
300 
600 
100 
200 
250 
- I6 - 
were photographed b e f o r e  exposure t o  the p o l l u t a n t s  and aga in  a t  four and 
14 days a f t e r  fumigat ion .  A s e l e c t i o n  o f  these photographs i s  inc luded I n  
Technical  Volume 2 o f  t h i s  r e p o r t .  Technical  Volumes 1 and 2, compr is ing  
the  photographic record ings  o f  p l a n t  i n j u r y  and the  l a b o r a t o r y  manual 
cove r ing  methods f o r  a n a l y s i s  o f  f l u o r i d e  i n  p l a n t  t i s s u e  a r e  n o t  p rov ided  
the same d i s t r i b u t i o n  as t h i s  r e p o r t ,  
5 . 2  HYDROGEN FLUORIDE 
5.2.1 POST-FUMIGATION OBSERVATIONS 
5.2.1.1 C i t r u s  V a r i e t i e s  
The s i x  c i t r u s  v a r i e t i e s  tes ted  were a l l  s u s c e p t i b l e  t o  HF, and the  
general  p a t t e r n  and p rog ress ion  o f  v i s i b l e  symptoms o f  i n j u r y  were s i m i l a r  
f o r  a l l  v a r i e t i e s ;  however, v a r i e t a l  d i f f e r e n c e s  i n  the  ex ten t  and s e v e r i t y  
o f  HF-induced damage were obvious. The v a r i e t i e s  a r e  l i s t e d  below i n  o r d e r  
of  decreasing s e n s i t i v i t y  t o  HF: 
Marsh Seedless G r a p e f r u i t  
Pineapple Orange 
Temp 1 e 0 range 
Tangelo Orange 
Ham1 i n  Orange 
Va lenc i a  0 range 
The p h y s i o l o g i c a l  age o f  c i t r u s  leaves a f f e c t e d  t h e i s  s e n s e t i v i t y  t o  HF, 
For t h e  purposes o f  t h i s  d iscuss ions ,  c i t r u s  leaves a r e  d ib ided  i n t o  t h r e e  
age groups: (a) expanding young leaves ( i o e m 9  those a r i s i n g  from nodes a t  or  
near t h e  te rm ina l  buds); (b) expanded young leaves ( i o e n 9  leages produced 
d u r i n g  the  c u r r e n t  growing season bu t  having a t t a i n e d  f u l l  s i z e ) ;  and ( c >  o l d  
leaves ( i . e . ,  leaves produced d u r i n g  t h e  prev ious  growing season). 
To f a c i l i t a t e  the  d e s c r i p t i o n  of HF-induced i n j u r y  t o  c i t r u s  t rees ,  t h e  
damage observed on  r e l a t i v e l y  m i l d ,  moderate and severe exposures w i l l  be de- 
s c r i b e d  i n  general  terms. Summaries o f  pos t - fum iga t ion  observa t ions  o f  each 
c i t r u s  v a r i e t y  f o r  each o f  the  15 Phase I l l  HF fumigat ions a r e  presented i n  
Tables 6 through 1 1 .  
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General c h l o r o s i s  o f  expanding young leaves, which was more pronounced 
toward l e a f  t i p ,  and c h l o r o s i s  l o c a l i z e d  a t  t h e  t i p  and a long the  margins o f  
expanded leaves were the  f i r s t  obvious symptoms o f  r e l a t i v e l y  m i l d  HF exposures. 
When the  HF concen t ra t i on  was increased o r  t he  exposure t ime extended, w i l t i n g ,  
marginal  t i s s u e  co l l apse ,  o r  s a t u r a t i o n  o f  i n t e r c e l l u l a r  spaces w i t h  water were 
apparent w i t h i n  a r e l a t i v e l y  s h o r t  t ime a f t e r  fumigat ions ,  These damaged areas 
u s u a l l y  become n e c r o t i c .  Occasional damage o f  i n t e r c o s t a l  l e a f  t i ssues  and de- 
f o l i a t i o n  o f  young leaves a l s o  was no t iced .  
Fumigations w i t h  r e l a t i v e l y  h i g h  exposures o f  HF induced excessive absc i ss ion  
o f  young leaves and developing f r u i t s .  When young leaves abscissed, separa t i on  
u s u a l l y  occur red  a t  t he  base o f  the  l ea f  b lade, l eav ing  the  p e t i o l e s  i n  t a c t .  
O lder  leaves d e f o l i a t e d  i n  the  normal manner, a t  the  base o f  t he  p e t i o l e .  D e f o l i a -  
t i o n  u s u a l l y  occur red  a f t e r  v i s i b l e  symptoms o f  i n j u r y  were ev iden t ;  however, i n  
many cases young leaves t h a t  showed no symptoms o f  i n j u r y  abscissed. 
Leaves on p l a n t s  sub jec ted  t o  r e l a t i v e l y  h i g h  HF exposures which d i d  no t  
abscisse, d i sp layed  symptoms o f  severe t i p ,  marginal  and i n t e r c o s t a l  necros is ,  as 
w e l l  as cupping and o t h e r  d i s t o r t i o n s .  
t i o n s  o f  e longa t ing  shoots were a l s o  observed. 
Necrosis and w i l t i n g  o f  succu len t  por-  
5 .2.1.2 Ornamental Species 
D e s c r i p t i o n  of t he  pos t - fumigat ion  c o n d i t i o n s  o f  t h e  s i x  ornamental species 
f o r  each o f  the  I5 Phase I l l  fumigat ions a r e  presented i n  Tables 12 through 17. 
The genera l  responses o f  each specie to HF fum iga t ion  a r e  l i s t e d  below: 
Azalea: Azalea was one o f  the  most HF-sens i t i ve  species i n  these exper i -  
ments. The lowest concen t ra t i on  x d u r a t i o n  (0.5 ppm f o r  t w o  hours) re -  
s u l t e d  i n  n e c r o t i c  areas on ten  t o  f o r t y  pe rcen t  o f  t he  sur face  o f  a l l  
young expanding leaves. Occasional necros is  was observed on o l d e r  leaves 
a l s o ,  HF exposure a t  1 ppm f o r  f o u r  hours r e s u l t e d  i n  moderate t o  severe 
d e f o l i a t i o n  and severe t i p  and marginal  nec ros i s  o f  remaining leaves. Ex- 
posures p r o v i d i n g  e i g h t  o r  more ppm-hrs, were extremely p h y t o t o x i c .  
Car issa :  P l a n t s  o f  t h i s  specie were r e l a t i v e l y  i n s e n s i t i v e  t o  HF exposure. 
The two h ighes t  exposures (4 ppm fo r  e i g h t  hours and 8 ppm f o r  foui- hours) 
were the  o n l y  fum iga t ions  i n  which v i s i b l e  symptoms o f  HF i n j u r y  were 
- 24 - 
induced. The observed i n j u r y  was l i m i t e d  t o  s l i g h t  t i p  necros is  and 
i n t e r c o s t a l  n e c r o t i c  s p o t t i n g  on young expanding leaves. No de- 
f o l i a t i o n  occurred.  
were w i t h o u t  e f f e c t ,  
A l l  o the r  concen t ra t i on  x d u r a t i o n  exposures 
Croton: The var iegated  pigment p a t t e r n  o f  Croton f o l i a g e  made evalua- 
t i o n  o f  v i s i b l e  i n j u r y  d i f f i c u l t .  C r i t i c a l  i nspec t i on  o f  these p l a n t s  
revealed some minor t i p  and marginal  necros is  on expanding leaves o f  
p l a n t s  exposed t o  the h ighes t  dosages o f  HF (32 ppmohrs). Fo l l ow ing  
exposure t o  8 o r  16 ppm-hrs, no l e a f  markicgs were ev ident ,  bu t  appre- 
c i a b l e  d e f o l i a t i o n  o f  o l d e r  leaves was observed. Croton p l a n t s  re-  
c e i v i n g  lower l e v e l s  o f  HF were no t  v i s i b l y  a f f e c t e d .  
Hib iscus:  A l l  exposures to HF induced f o l i a r  i n j u r y  on Hib iscus p l a n t s .  
I n j u r y  ranged f rom m i l d  c h l o r o s i s  induced by low dosages t o  severe 
necros is  on 80 percent  o f  t h e  leaves o f  a l l  ages a t  the h igher  l e v e l s .  
D e f o l i a t i o n  was no t  r e a d i l y  induced, Leaves t h a t  were k i l l e d  o f t e n  
remained a t tached t o  the  p l a n t  f o r  more than one week. 
severe ly  i n j u r e d  p l a n t s  appeared normal 
Regrowth f rom 
Ixo ra :  Exposures t o  1, 2, and 4 ppm.hrs d i d  pot m a t e r i a l l y  a f f e c t  I xo ra  
p l a n t s .  When fumigated f o r  e i g h t  hours w i t h  HF a t  1 ppm, severe mar- 
g i n a l  and t i p  necros is  was observed on 75 percent  o f  the young and 
middle-aged leaves, which would d e f o l i a t e  r e a d i l y  when touched. Older  
f o l i a g e  showed o n l y  s l i g h t  n e c r o t i c  s p o t t i q g .  The reverse concentra- 
t i o n  x d u r a t i o n  exposure (8 ppm f o r  one hour) induced o n l y  s l i g h t  mar- 
g i n a l  nec ros i s .  
Melaleuca: Complete necros is  o f  Melaleuca f o l i a g e  occurred w i t h i n  
seven days a f t e r  the  m i l d e s t  Phase I I I f um iga t ion  (0.5 ppm f o r  two 
hours) ,  A l l  o t h e r  concent ra t ion  x d u r a t i o n  exposures were equal l y  
p h y t o t o x i c .  
HF was no t  l e t h a l  t o  any o f  the p l a n t s  fumigated i n  Phase I I I  a Regrowth 
o f  a x i l l a r y  buds was observed on a l l  p l a n t s  w i t h i n  th ree  t o  s i x  weeks a f t e r  
f um iga t ion .  
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5.2.2 TISSUE ANALYSIS 
I F l u o r i d e  w i l l  adsorb t o  su face  t i ssues  o f  p l a n t s  exposed t o  HF. Th is  sur-  
face f l u o r i d e  i s  r e l a t i v e l y  non-toxic,  bu t  serves as a source o f  absorbed f l u o r i d e .  
I n  c h r o n i c  ( long  du ra t i on ,  low concent ra t ions)  exposures o f  p l a n t s  t o  HF, absorbed 
f l u o r i d e ,  which i s  ex t remely  s o l u b l e  i n  water, i s  r e a d i l y  t ranspor ted  t o  the  t e r -  
m ina l  p o r t i o n  o f  the  l e a f  v i a  the  t r a n s p i r a t i o n a l  stream where i t  accumulates. 
When a s p e c i a l  concen t ra t i on  i s  a t t a i n e d  i n  the  l e a f ,  t i s s u e  damage becomes ev iden t .  
The f i r s t  symptom o f  HF-induced p l a n t  i n j u r y ,  t he re fo re ,  u s u a l l y  appears a t  t he  t i p  
and margins o f  leaves. S ince  most o f  the absorbed f l u o r i d e  i s  accumulated by 
leaves, f o l i a r  analyses f o r  F a r e  commonly used t o  v e r i f y  v i s i b l e  symptoms when 
c h r o n i c  HF p o l l u t i o n  i s  suspected, 
A p a r t  o f  t h i s  s tudy  was t o  c o n f i r m  t h a t  a n a l y s i s  o f  F i n  t i s s u e  cou ld  b e  used 
t o  determine i n j u r y  induced by r e l a t i v e l y  h i g h  concen t ra t i ons  o f  HF f o r  s h o r t  t ime 
p e r i o d s .  A l l  p l a n t s  sub jec ted  to HF fumigat ions  were d i v i d e d  i n t o  e i g h t  sec tors ,  
rep resen t ing  each quadrant i n  upper and lower sec to rs .  A t o t a l  o f  e i g h t  t o  16 
leaves from the  e i g h t  sec to rs  c o n s t i t u t e d  a sample f o r  F a n a l y s i s .  The number o f  
sampled leaves was purpose ly  kept  smal l  t o  minimize damage due t o  d e f o l i a t i o n  and 
to  a1 
s o l u t  
which 
p l u s  
ow f o r  c o n t i n u a l  obse rva t i on  o f  the exper imental  p l a n t s .  
wo samples were taken from each p l a n t ;  one sample was washed i n  Alconox/EDTA 
on and used t o  es t ima te  absorbed ( i n t e r n a l )  f l u o r i d e  con ten t ,  and the o t h e r ,  
was no t  washed, served as an es t imate  o f  the  t o t a l  f l u o r i d e  con ten t  (ex te rna l  
n t e r n a l ) ,  Leaf washing techniques as a method employed fo r  f l u o r i n e  a n a l y s i s  
a r e  desc r ibed  i n  d e t a i l  i n  Technical  Volume 1 o f  t h i s  r e p o r t .  Technical  Volume 1 
l i s  n o t  p rov ided  the  same d i s t r i b u t i o n  a s  t h i s  r e p o r t .  
I 
The average F con ten t  o f  t h e  th ree  washed and t h r e e  unwashed l e a f  samples o f  
I t h e  c i t r u s  v a r i e t i e s  and ornamental species from each o f  t h e  HF exposures a r e  
I shown i n  Table 18. The c o r r e l a t i o n  between the F con ten t  o f  washed and unwashed 
I f o l i a g e  samples was determined for  the  poo led  data for  the  s i x  c i t r u s  v a r i e t i e s  and 
the  s i x  ornamental species and for  each spec ie  o r  v a r i e t y  i n d i v i d u a l l y  (Table 19). t 
I I n  every  case, t he re  was a p o s i t i v e  c o r r e l a t i o n  between t o t a l  F conten t  (unwashed 
I 
I 
leaves) and t h e  i n t e r n a l  F concen t ra t i on  (washed leaves) .  
1 
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TABLE 19 
LINEAR REGRESSIONS FOR MEAN VALUES OF FLUORIDE CONTENT 
OF UNWASHED AND WASHED LEAF T I S S U E  OF EACH S P E C I E S  OR 
VAR I ETY OF HF-FUM 1 GATED PLANTS 
T I  SSUE 
C i t r u s  V a r i e t i e s  (pooled) 
Ham1 i n  Orange 
Va lenc ia  Orange 
Temple Orange 
P i neapp 1 e 0 range 
Tangelo Orange 
Marsh G r a p e f r u i t  
Ornamental Species (pooled) 
Aza 1 ea 
Car i ssa 
C ro ton 
H i b i s c u s  
I xora 
Me l a  1 euca 
REGRESS I ON EQUATl ON;' 
A 
Y = 46.01 + 1 . 4 4 ~  
Y = 52.80 + 1 . 3 8 ~  
Y = 71.53 + 1 . 1 7 ~  
Y = 31.99 + 1 . 5 5 ~  
Y = 37.12 + 1 . 5 0 ~  
C. 
A 
n 
A 
n 
Y = 37.46 + 1 . 7 2 ~  
? = 40.08 + 1 . 3 8 ~  
? = 34.80 + 1 . 3 5 ~  
? = 57.56 + 1 . 1 8 ~  
? = 23.90 + 1 . 3 6 ~  
? = 40.25 + 1 . 4 4 ~  
? = 66.61 + 1 . 3 6 ~  
? = -4,Ol + 1 . 6 1 ~  
? = 11.95 + 1 . 2 5 ~  
CORRELATION 
COEFFICIENT 
0.924 
0.943 
0.867 
0.949 
0.957 
0.91 1 
0.947 
0.956 
0.960 
0.897 
0.943 
0.965 
0.885 
0.978 
I A ? = a + bx where x = f l u o r i n e  content of washed leaves 
Y = f l u o r i n e  content o f  unwashed leaves 
NUMBER OF 
X , Y  PAIRS 
88 
15 
15 
15 
15 
14 
14 
90 
15 
15 
15 
15 
15 
15 
I 
- 34 - 
i 
The c o r r e l a t i o n  between t o t a l  and i n t e r n a l  F o f  the  pooled data f o r  a l l  
c i t r u s  v a r i e t i e s  and f o r  a l l  ornamental species a r e  i l l u s t r a t e d  i n  F igures  1 
and 2, r e s p e c t i v e l y .  The s lope o f  the  regress ion suggests t h a t  o f  t he  t o t a l  F 
accumulated by c i t r u s  f o l i a g e ,  approx imate ly  30 percent  was sur face-born 
(F igure  1 ) .  
25 percent  of  t he  t o t a l  F accumulated was removed by washing (F igure  2 ) .  Thus, 
when a l l  c i t r u s  v a r i e t i e s  and a l l  ornamental species a r e  considered together  
over the  wide range o f  concen t ra t i on  x du ra t i on  exposures employed, approx imate ly  
70 percent  of  the  t o t a l  f o l i a r  f l u o r i d e  accumulated by c i t r u s  leaves, and 75 per-  
cent  accumulated by ornamental leaves, was w i t h i n  the l e a f  t i ssues .  
The pooled data f o r  t h e  s i x  ornamental species i n d i c a t e d  t h a t  about 
The data o f  Table 18 were used t o  cons t ruc t  the Histograms i n  F igures  3 
through 14 t o  f a c i l i t a t e  comparisons o f  F accumulat ions i n  r e l a t i o n  t o  exposure. 
The exposure va lues,  a t  ppmohrs, were arranged on the  X axes such t h a t  two o r  
more concen t ra t i on  x d u r a t i o n  values r e s u l t i n g  i n  the same exposure va lue cou ld  
be r e a d i l y  compared, 
A l though the re  was a general  reduc t i on  i n  the  t i s s u e  F conten t  w i t h  de- 
c reas ing  exposure value, t he  c o n t r i b u t i o n  o f  HF concen t ra t i on  o r  d u r a t i o n  o f  ex- 
posure w i t h i n  a g iven exposure va lue was no t  necessa r i l y  c o n s i s t e n t .  
i n  the  8 ppm HF f o r  one hour and the 1 ppm HF f o r  8 hours fumigat ions ,  the d u r a t i o n  
o f  exposure exer ted  a g rea te r  i n f l u e n c e  on the  amount o f  F accumulated by most 
p l a n t s  than d i d  HF concen t ra t i on .  
f o r  f o u r  hours and 4 ppm HF f o r  e i g h t  hours were compared, the e f f e c t  o f  concen- 
t r a t i o n  predominated. Over such a wide range o f  exposure values ( 1  t o  32 ppm.hrs), 
the r e l a t i v e  c o n t r i b u t i o n  o f  HF concen t ra t i on  and d u r a t i o n  o f  f um iga t ion  cannot be 
separated. 
For example, 
However, when fumigat ions  p r o v i d i n g  8 ppm HF 
5.3 NITROGEN TETROXIDE 
5 . 3 . 1  Pos t - fumiqat ion  Observat ions 
Due t o  the  r e l a t i v e l y  h igh  n i t rogen  conten t  and the d i v e r s e  na ture  o f  n i t rogen-  
c o n t a i n i n g  compounds i n  p l a n t  t i ssues ,  very  l i t t l e  i s  known o f  the  manner i n  which 
atmospher ic  NO2 i s  absorbed, t rans loca ted ,  o r  o f  the way i n  which i t  damages 
p l a n t  t i s s u e s .  
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Unlike HF, NO2 fumigations result in injury to mature foliage as readily 
as young foliage, and to intercostal as well as marginal portions of leaves. 
It is therefore unlikely that this pollutant, after absorption, i s  transported 
via the transpirational stream. 
In addition to the summaries below, descriptions of the post-fumigation 
conditions of each citrus variety and ornamental specie injured in the Phase 
I l l  NO2 fumigations, are presented in Tables 20 through 30. 
5.3.1.1 Citrus Varieties 
Injury to citrus by NO2 was Characterized by wilting and defoliation of 
young leaves. The young leaves that did not abscise and the older leaves 
showed areas of intercostal and marginal necrosis. The extent of defoliation 
and necrosis was dependent upon the variety. The varieties are listed below 
in order of decreasing sensitivity to N02: 
Marsh Seedless Grapefruit 
Pineapple Orange 
Va lenc ia 0 range 
Tangelo Orange 
Ham1 in Orange 
Temp 1 e 0 range 
5.3.1.2 Ornamental Species 
Azalea: 
sure. The progression of injury was characterized by rapid tissue 
collapse of leaves of all ages which rapidly became brown-colored 
followed by necrosis and desiccation. 
Plants of this specie were extremely sensitive to NO2 expo- 
Severe defoliation was common. 
Carissa: Carissa plants were insensitive to NO2 at.the exposures 
provided. 
doubtful origin. 
Foliar markings observed on NO2-fumigated plants were of 
Croton: 
eight hours induced slight intercostal necrosis on leaves of this 
relatively resistant specie. All other fumigations were without 
effect. 
Exposure to 150 ppm NO2 for four hours and 50 ppm NO2 for 
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Hibiscus: Plants of this specie were severely injured by all but 
the mildest NO2 fumigations. 
intercostal areas of tissue collapse on the upper leaf surfaces 
only. Within time, these areas became necrotic and were visible 
on the lower leaf surfaces as well. 
induced complete necrosis followed by desiccation and eventual 
abscission. 
The first apparent symptoms were 
Relatively high NO2 exposure 
Ixora: NOZ-induced damage in this specie was characterized by mar- 
ginal and intercostal necrosis of leaves of all ages and a chocolate 
brown discoloration of non-necrotic leaf surfaces. Damage was most 
severe on older foliage. 
Melaleuca: The Melaleuca plants were severely damaged by exposure 
to N02. 
all ages. 
Injury was characterized by rapid necrosis of leaves of 
All plants survived the 13 Phase I l l  NO2 exposures. Regrowth from 
axilliary buds was observed on all plants within three to six weeks after 
fumigation. 
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6.0  ECONOHIC AND C 1 V I  L FACTORS 
6.1 INTRODUCTION 
Past exper ience i n  many areas has shown t h a t  when a i r  p o l l u t i o n  problems 
occur o r  a r e  ever suspected, c i v i l  problems a r e  c rea ted .  These may inc lude 
compla in ts ,  c la ims f o r  damages and l i t i g a t i o n .  Cons t ra in t s  on a i r  p o l l u t i o n  
a r e  imposed f e d e r a l l y  by the  Clean A i r  Ac t ,  by s t a t e  s t a t u t e ,  and by l o c a l  
o r d  i nances . 
Whi le  t h i s  program was intended t o  determine the  e f f e c t s  on ecology 
r e s u l t i n g  f rom a ca tas t roph ic  s p i l l  o r  f i r e  on the launch complex, i t s  
r e s u l t s  p resent  more s i g n i f i c a n c e  t o  NASA. The r e s u l t s  o f  the  HF t e s t s  
show d r a m a t i c a l l y  t h a t  p l a n t  damage o f  major economic and c i v i  1 s i g n i f i c a n c e  
w i l l  be caused by even r e l a t i v e l y  shor t - te rm exposures t o  concent ra t ions  o f  
HF w e l l  below those t o l e r a b l e  by humans o r  animals.  Therefore,  a l l  opera- 
t i o n s  w i t h  f l u o r i n e  o x i d i z e r s  w i l l  have t o  be c l o s e l y  examined w i t h  respect  
t o  a i r  p o l l u t i o n .  
6.2 LEGISLATION 
The Clean A i r  A c t  and i t s  amendments represent  major c u r r e n t  f e d e r a l  
l e g i s l a t i o n  w i t h  respect  t o  a i r  p o l l u t i o n .  The p r o v i s i o n s  o f  t h i s  a c t  and, 
f o r  t h a t  mat te r ,  o f  most l e g i s l a t i o n  and c o n t r o l s ,  a r e  a p p l i c a b l e  t o  the  
c o n t r o l  o f  ch ron ic  a i r  p o l l u t i o n .  
Under Chapter 17OC-9.06 o f  The San i ta ry  Code o f  F l o r i d a ,  e n t i t l e d  
" P r o h i b i t i v e  Acts , "  F l o r i d a  has es tab l i shed  the f o l l o w i n g  regu la t i ons  
c o v e r i n g  f l u o r i d e  emission: 
"17OC-9.06 (3) F l u o r i d e  Emissions. U n i t  emissions o f  f l u o r i d e ,  
expressed as pounds o f  f l u o r i d e  per  ton  o f  P20 
s h a l l  n o t  exceed 0.4 ( four - ten ths)  pounds, t a k i n g  i n t o  con- 
s i d e r a t i o n  the  f o l l o w i n g :  
o r  equ iva len t ,  5'  
(a) La tes t  advances i n  the technology o f  a i r  p o l l u t i o n  c o n t r o l .  
(b) The lowest va lue  a t t a i n e d  by any opera t i ng  p l a n t  manufactur- 
i n g  s i m i l a r  p roduc ts .  
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(c) E x i s t i n g  l e v e l s  o f  a i r  p o l l u t i o n  i n  the  s t a t e .  
(d) Locat ion  o f  i n s t a l l a t i o n .  
The a l l owab le  emission of  f l u o r i d e s  s h a l l  be c a l c u l a t e d  by 
m u l t i p l y i n g  the u n i t  emission s p e c i f i e d  above times the  
expressed des ign  p roduc t i on  capac i t y  o f  the  i n s t a l l a t i o n  
o r  p l a n t .  A l l owab le  emissions s h a l l  be s e t  as low as 
p o s s i b l e  c o n s i s t e n t  w i t h  the above f a c t o r s . "  
Fu r the r  l i m i t a t i o n s  on f l u o r i d e  emissions have been imposed by the 
F l o r i d a  A i r  P o l l u t i o n  Con t ro l  Commission. The Rules o f  the F l o r i d a  A i r  
P o l l u t i o n  Con t ro l  Commission s ta te :  
"28-3.01 Q u a n t i t i e s  o f  f l u o r i d e s  i n j u r i o u s  t o  c a t t l e .  - 
( 1 )  Excessive q u a n t i t i e s  o f  f l u o r i d e s  i n  the atmosphere can be dangerous 
t o  human, p l a n t  and animal l i f e .  
S ince grass has been accepted as the p r i n c i p a l  feed f o r  g raz ing  
c a t t l e ,  grass i s  t h e r e f o r e  dec lared as the medium f o r  de termin ing  
a i r  p o l l u t i o n .  The f o l l o w i n g  a r e  hereby dec la red  t o  be evidence 
o f  a i r  p o l l u t i o n  f rom f l u o r i d e s  as i t  a f f e c t s  c a t t l e :  
(a) A f i n d i n g  by approp r ia te  sampling, and on an average bas is ,  
o f  l e v e l s  o f  f l u o r i n e  i n  grasses used or  t o  be used as fo rage 
o r  feed i s  t h a t  grasses c o n t a i n i n g  f o r t y  (40) ppm f l u o r i n e  
(d ry  weight  bas is )  w i l l ,  i f  c o n s i s t e n t l y  used as feed o r  fo rage 
over a s u b s t a n t i a l  pe r iod  o f  t ime,  produce harmfu l  e f f e c t s .  
(2)  Sampling techniques and methods f o r  analyses, f o r  purposes o f  bo th  
the  above and f o r  determin ing average background, must be standard 
techniques, publ ished and d i s t r i b u t e d  by the Board. 
(3)  The f l u o r i n e  conten t  of grasses s h a l l  be, except as h e r e i n a f t e r  s e t  ou t ,  
t he  conten t  o f  a v a i l a b l e  f l u o r i n e  es tab l i shed  as f o l l o w s :  
F l u o r i n e  conten t  s h a l l  be determined from unwashed samples. The aver-  
age background f o r  n a t u r a l  fo rage from an uncontaminated area s h a l l  be 
subt rac ted  from the  values ob ta ined.  Should the  ad jus ted  sample con- 
t a i n  more than f o r t y  (40) and less  than e i g h t y  (80) ppm, the  f l u o r i n e  
conten t  s h a l l  be es tab l i shed as f o l l o w s :  
(a) F l u o r i n e  con ten t  s h a l l  be determined f r o m  washed samples. 
(b) F l u o r i r e  con ten t  s h a l l  be determined on the s o l u t i o n  used t o  
wash the  samples. 
(c)  P ,va i lab le  f l u o r i n e  s h a l l  be c a l c u l a t e d  on the  b a s i s  o f  one 
p a r t  o f  washed sample p l u s  one-ha l f  o f  the con ten t  found i n  
t h e  washing m a t e r i a l .  
(4) Where samples o f  grasses a re  taken from pas tures  which demonstrate 
t h a t  t he re  has been an accumulat ion o f  f l u o r i n e - b e a r i n g  compounds 
(such as raw rock  phosphate, e t c . )  i n  t h e  top  o r  su r face  s o i l s ,  o r  
f rom r e c e n t l y  top-dressed s o i l s ,  then o n l y  washed samples w i l l  be 
considered i n  de termin ing  the  f l u o r i n e  cop ten t  o f  t he  grasses so 
ana 1 yzed . 
(5)  No samples w i l l  be taken from improved pas tures  u n t i l  a complete 
ground cover i s  es tab l i shed;  nor s h a l l  samples be taken from 
pas tures  where a p p l i c a t i o n s  o f  phosphate-bearing m a t e r i a l s  have 
been a p p l i e d  u n t i l  a pe r iod  o f  v i n e t y  (90) days s h a l l  have exp i red  
a f t e r  such app 1 i ca  t i o n -  
28-3.02 Q u a n t i t i e s  o f  f l u o r i d e s  i n j u r i o u s  t o  gladiolus.-  
( 1 )  i t  i s  determined t h a t  excessive q u a n t i t i e s  o f  f l u o r i d e s  i n  t h e  
atmosphere i n  gaseous f o r m s  a r e  i n j u r i o u s  t o  c e r t a i n  vege ta t i on  
r e s u l t i n g  i n  v i s i b l e  f o l i a g e  damage. G l a d i o l i  a r e  s c i e n t i f i c a l l y  
recognized t o  be the  most s u s c e p t i b l e  o f  commercial row crops to  
f l u o r i n e  damage. Where g l a d i o l i  a r e  grown as a commercial c rop  
i n tend ing  t o  r e s u l t  i n  the s a l e  o f  c u t  f l o w e r s  t o  the p u b l i c ,  
t he  f o l l o w i n g  i s  hereby declared to be evidence o f  a i r  p o l l u t i o n  f r o m  
f l u o r i d e s ;  A f i n d i n g  by a ~ a l y s e s  i n  a a p p r o p r i a t e l y  taken and 
washed sample o f  s p e c i f i c  l e v e l s  o f  f l u o r i d e s  i n  the  te rm ina l  s i x  
inches o f  g l a d i o l u s  f o l i a g e  o f  any v a r i e t y  grown f o r  commercial use 
when such f o l i a g e  s h a l l  show t y p i c a l  f l u o r i d e  i n j u r y .  The standard 
t o  be a p p l i e d  s h a l l  be t h a t  when such analyses revea l  i n  excess o f  
t h i r t y - f i v e  (35) ppm f l u o r i d e s  on a d r y  weight bas is ,  t h i s  
accumulat ion s h a l l  be deemed to  be i n  excess o f  s o i l  borne f l u o r i d e s  
reaching t h e  f o l i a g e  through t h e  r o o t  system under normal commercial 
growing p r a c t i c e s .  Typ ica l  v i s i b l e  f l u o r i d e  i n j u r y  s h a l l  be dec la red  
the  r e s u l t  o f  a i r b o r n e  gaseous f l u o r i d e s .  
(2) Where sprays of dusts, labeled as containing fluoride have been 
used at any time during the cultivation or spray program, plants 
so sprayed or dusted shall not be sampled." 
These limits, principally applicable to the fertilizer industry, can 
be expected to be even further reduced in the future, 
Previous litigation covering air pollution injury was examined to de- 
termine if pertinent precedents existed. N o  precedent which would be of 
significance to this program was discovered since the majority of litiga- 
tion is concerned with chronic, rather than short-term, pollution problems. 
6.3 E C O N O M I C  E F F E C T S  
The results of the experimental program clearly indicate that if rela- 
tively low levels of HF or somewhat higher concentrations of N O 2  reach 
commercial citrus groves, the resultant defoliation, chlorosis and necrosis 
of the plant tissues will result in partial or complete loss of the crop. 
The extent of the loss will depend upon the concentration, time of exposure 
and other factors. If the concentrations reaching the commercial groves are 
higher than 15 ppm of H F  or higher than 250 ppm of NO2 for 15 minutes during 
the period of flowering and fruit development, it can be assumed that there 
would be no commercial citrus crop for that season. Although there is 
evidence that trees damaged at these levels will renew growth, it may be 
assumed that detrimental effects will be felt on one or more subsequent crops. 
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APPEND I X 
1.0 FUMIGATION TECHNIQUES 
1 . 1  FUMIGATION CHAMBERS 
1 . 1 . 1  PHYSICAL D E S C R l  PTlON 
The chambers used t o  conduct t he  p l a n t  fumigat ions  f o r  t h i s  s tudy were 
1 p o r t a b l e  fumigat ion  chambers developed by Boyce Thompson I n s t i t u t e  f o r  p l a n t  
fumigat ions  i n  the  f i e l d  a t  low concent ra t ions .  D e t a i l s  o f  c o n s t r u c t i o n  a r e  
shown i n  F igures 1 and 2. 
1.1.2 C I R C U L A T I O N  
For t h i s  program where the  p r o p e l l a n t  concen t ra t i on  l e v e l s  were ext remely 
h igh ,  the  chambers were mod i f i ed  t o  inc lude an a i r  r e c i r c u l a t i o n  system and gas 
scrubber which cou ld  be i n s e r t e d  i n  the r e c i r c u l a t i o n  system t o  remove p r o p e l l a n t  
vapors f rom the chamber. F igu re  3 shows the  chamber w i t h  the r e c i r c u l a t i o n  system 
and scrubber chamber i n s t a l l e d .  
which was used. 
F igure  4 shows d e t a i l s  o f  the scrubber assembly 
Pr ior  t o  s t a r t i n g  a fumigat ion ,  the scrubber was removed from i t s  chamber 
and the  a i r  and p r o p e l l a n t  vapor c i r c u l a t e d  f r e e l y  through the fum iga t ion  chamber. 
As noted i n  subsequent sec t i ons  o f  t h i s  appendix, p r o p e l l a n t  vapor was c o n t i n -  
uous ly  added through t h e  c i r c u l a t i o n  system t o  ma in ta in  constant  l e v e l s  i n  the  
chamber d u r i n g  the  fum iga t ion .  Upon complet ion o f  a fumigat ion ,  the  r e c i r c u l a t i n g  
blower was shut  o f f ,  t he  scrubber i nse r ted  i n  i t s  chamber and the  blower re -  
s t a r t e d .  Vapor concent ra t ions  were r a p i d l y  reduced t o  l e v e l s  which would permi t  
personnel  to  open the chamber and en ter  i t  t o  remove p l a n t  specimens. 
Hi tchcock,  A , E . ,  P. W .  Zimmerman, and R .  R .  Coe, The E f f e c t  o f  F luo r ides  on M i l o  
Maize. Cont. Boyce Thompson I n s t . ,  22 (4): 175-206, October-December 1963. 
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FUMIGATION CHAMBER CONSTRUCTION DETAILS (1) 
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FUMIGATION CHAMBER CONSTRUCT1 ON DETAILS (2) 
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FUMIGATION CHAMBER SHOWING RECIRCULATION AND SCRUBBER SYSTEM 
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1.2 HYDROGEN FLUORIDE FUMIGATIONS 
1 . 2 . 1  INJECTION 
To o b t a i n  des i red  HF concentrat ions w i t h i n  the  fumigat ion  chambers, t he  
f o l l o w i n g  procedures and apparatus (F ig .  5 ) were used. 
Aqueous hydrogen f l u o r i d e  so lu t i ons  o f  des i red  concen t ra t i on  were w i t h -  
drawn f rom a r e s e r v o i r  (R) a t  a known r a t e  by u s i n g  a p r o p o r t i o n i n g  
pump' (P) and c a l i b r a t e d  pump tubes. 
1/8- inch I . D .  c o i l  o f  T e f l o n  tub ing  ( C ) ,  25 f e e t  i n  length  immersed i n  
s i l i c o n e  o i l 2  ba th  ( B ) .  The temperature o f  t h e  o i l  ba th  was mainta ined 
between 180 and 200' C .  by means o f  a thermoregulator  (T) and a 750-watt 
immersion heater ( H ) .  A i r ,  suppl ied by a pump3 ( V )  and f l o w i n g  a t  e i g h t  
l i t e r s  per  minute,  was a l s o  passed through the  heated c o i l  o f  T e f l o n  tub- 
ing .  The b a t h  temperature, c o i l  length,  and a i r  f l o w  r a t e  were such t h a t  
complete v a p o r i z a t i o n  occurred and o n l y  gaseous hydrogen f l u o r i d e  and 
water vapor were i n j e c t e d  i n t o  the  a i r  stream o f  the fum iga t ion  chamber 
b lower .  The f l u o r i d e - l a d e n  a i r  was then d i s t r i b u t e d  through the  plenum 
o f  t he  fum iga t ion  chamber (Fig. 3 ) .  Continuous i n j e c t i o n  o f  f l u o r i d e  
i n  c o n j u n c t i o n  w i t h  r e c i r c u l a t i o n  o f  chamber a i r  r e s u l t e d  i n  a r e l a t i v e l y  
un i fo rm concent ra t ion  and d i s t r i b u t i o n  o f  t he  p o l l u t a n t  i n  the  chamber 
throughout the  d u r a t i o n  o f  the fum iga t ion  pe r iod .  
The s o l u t i o n  was pumped i n t o  a 
Atmospheric f l u o r i d e  concent ra t ions  can, w i t h i n  l i m i t s ,  be p r e d i c t e d  i f  
t h e  a i r  volume w i t h i n  the  fumigat ion  chamber, t he  concen t ra t i on  o f  the  
s tock  s o l u t i o n ,  and the f l o w  r a t e  a t  which i t  i s  i n j e c t e d  i n t o  the  sys- 
tem a re  known. The concent ra t ion  o f  the  s tock  hydrogen f l u o r i d e  so lu -  
t i o n  and/or the  f l o w  r a t e  can be c o n t r o l l e d  t o  achieve des i red  atmos- 
p h e r i c  f l u o r i d e  concent ra t ions .  Under the  cond i t i ons  o f  our exper iments,  
1 Technicon Instruments Corp., Ards ley,  N .  Y .  
2 
3 
Dow-Corning 200 F l u i d  (100 cs a t  25O C - ) ,  Dow-Corning, Midland, Mich. 
Vacuum and pressure a i r  pump, G a s t .  
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t he  f o l l o w i n g  hydrogen f l u o r i d e  concent ra t ions  were a r r i v e d  a t  empir- 
i c a l l y .  So lu t i ons  were pumped i n t o  the  system a t  0.8 m i l l i l i t e r  p e r  
minute t o  g i v e  the  d e s i r e d  concent ra t ions  o f  F i n  the  chamber atmos- 
phere. 
Des i red  F Concen t ra  t i o n  (ppm) HF Concent ra t ion  (mq.F/ml.) 
0.5 6.25 
1 12.5 
4 50.0 
8 100.0 
2 25 .O 
Upon t e r m i n a t i o n  o f  a fumigat ion ,  hydrogen f l u o r i d e  s o l u t i o n  was rep laced 
by  d i s t i l l e d  water and was pumped through the  system f o r  washout. 
chamber blower was then tempora r i l y  tu rned o f f  and a ca l c ium hydroxide- 
impregnated f i l t e r ,  made o f  po l ye thy lene  screening (8 laye rs ) ,  was p laced 
i n  t h e  r e t u r n  l i n e  (see F i g .  4) o f  the  r e c i r c u l a t i n g  system. 
tem was found t o  e f f i c i e n t l y  scrub the  chamber o f  gaseous f l u o r i d e .  
f l u o r i d e  concen t ra t i on  w i t h i n  the  chamber cou ld  be reduced from 10.0 t o  
0.7 p a r t s  pe r  m iss ion  i n  9 minutes. 
The 
Th is  sys- 
The 
1.2.2 ATMOSPHERIC MONITORING OF HYDROGEN FLUORIDE 
I 
4 
An ins t rument  designed t o  analyze and reco rd  atmospheric s u l f u r  d i o x i d e  
c o n c e n t r a t i o n  was adapted t o  monitor atmospheric hydrogen f l u o r i d e .  The 
key component o f  t h i s  instrument i s  an a l l  g lass  d e t e c t i n g  c e l l  i n  which 
a gas sample i s  drawn through a small o r i f i c e  s u i t a t e d  j u s t  above the  
reagent’ l i q u i d ,  and i s  thus impel led o n t o  t h e  reagent causing a smal l  
depress ion  on t h e  l i q u i d  sur face .  S u l f u r  d i o x i d e  i s  q u a n t i t a t i v e l y  
absorbed by the  reagent and o x i d i z e d  t o  s u l f u r i c  a c i d ,  causing an increase 
i n  e l e c t r i c a l  c o n d u c t i v i t y  o f  t he  reagent.  The increase i s  detec ted  by  
S u l f u r  D iox ide  Analyzer/Recorder, S c i e n t i f i c  I n d u s t r i e s ,  Queens V i l l a g e ,  N .Y .  
4 
-4 ’ 1 x - N H2S04 p l u s  1 x 10 percent H202 i n  de ion ized water.  
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stainless steel electrodes in the detector cell which are supplied by a 
high frequency alternating current. The chamges in current are ampli- 
fied, rectified, and transmitted to the recorder. 
The instrument contains a ball-bearing motor-driven diaphragm pump which 
draws air through the detector cell by way of a needle control valve and 
flowmeter (0-1.0 cubic feet per hour). 
in the detector cell is measured and recorded. The rate of change in 
conductivity (e.g., the slope on the recorder) is a measure of the 
sulfur dioxide concentration. 
The conductivity of the reagent 
In simplest terms, this instrument measures changes in conductivity o f  
the reagent brought about by changes in acidity. Therefore, it was 
reasonable to assume that atmospheric fluoride in the parts per million 
range would also induce conductivity changes of sufficient magnitude to 
permit its measurement with this instrument if the background sulfur dio- 
xide concentration was low enough to prevent interference. 
This hypothesis was tested by using the hydrogen fluoride injection system 
described above and a small ( 0 . 3 3  m3) lucite fumigation chamber. Prelim- 
inary experiments showed that when the concentration of injected fluoride 
was increased, a concomitant increase was indicated on the instrument. 
To quantitate this sytem, standard curves were derived in the following 
manner. Solutions containing from 0.1 to 5.0 micrograms hydrogen fluor- 
ide per 2 ml. of H2SOq/H202 reagent were placed in the 2 ml. detection 
cell, and the conductivity of each concentration was determined. The 
suction pump was not operating during these determinations in order to 
exclude any ambient sulfur dioxide and/or fluoride. 
obtained in this manner at various instrument sensitivity ranges (con- 
trolled by selecting different multiplications in the amplifier circuit) 
are given in Table 1 .  Standard curves derived from the data of Table 1 
are shown in Figure 6 .  These standard curves were routinely used to 
convert recorder values (percent) to parts per million F.  This was pos- 
sible because in all air analyses the change in percent of full scale 
The mean values 
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d e f l e c t i o n  (s lope) induced by  drawing a i r  a t  300 m l .  pe r  minu te  i n t o  
t h e  2 m l .  d e t e c t i n g  c e l l  was measured over a 3.33-minute p e r i o d .  Thus, 
one l i t e r  of a i r  was c o l l e c t e d  i n  t h e  reagent and t h e  m i l l i g r a m s  F per  
1 i t e r  o f  a i r  (e.g. e p a r t s  p e r  m i  1 1  ien)  cou ld  be read i  l y  computed f r o m  
the  standard curves. 
Table 1 Mean values ob ta ined on SO Aralyzer/Recorder,  expressed 
as percent  o f  sca le  de f  l e c f i o n ,  f o r  va r ious  hydrogen 
f l u o r i d e  concent ra t ions  
Concentrat ion,  
ppm (I Range 2 Ranqe 3 Ranqe 4 
0.1 19.6 
0.25 24.5 
0 0 5  74.9 13.3 
1 .o 29.0 15.0 
2.0 63.9 34.3 
3 .O 90.0 48,l  
4,O 59.4 
5.0 68,O 
Atmospheric f l u o r i d e  va lues  obtained us ing  the  ins t rument  and t h e  
standard curves were e s s e n t i a l l y  t he  same as those ob ta ined when t h e  
gas was trapped i n  de ion ized water and t i t r a t e d  w i t h  thor ium n i t r a t e  
[Th(N03)4] t o  a c o l o r i m e t r i c  end p o i n t .  
advantage i n  t h a t  i t  prov ided a cont inuous record  o f  t h e  chamber 
atmosphere. 
The instrument had a f u r t h e r  
Pre- fumigat ion  analyses were used t o  o b t a i n  background s u l f u r  d i o x i d e  
values which were sub t rac ted  f r o m  subsequent fum iga t ion  analyses. 
ground values ranged from 0 , l  t o  0.4 p a r t s  per m i l l i o n  as F .  
Back- 
D i r e c t  a i r  a n a l y s i s  f o r  f l u o r i d e - l a d e n  a i r  was accu ra te  i n  t h e  0.5 t o  
5.0 p a r t s  p e r  m i l l i o n  range (see F i g .  6 1. 
atmospheres ir the  5 t o  10 p a r t s  pe r  m i  1 l i o n  range, t h e  chamber a i r  
sample was d i l u t e d  w i t h  an equal volume o f  f i l t e r e d  a i r .  The values 
To mon i t c r  f l u o r i d e - c o n t a i n i n g  
1 - 1 1  
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recorded on t h e  instrument were converted t o  p a r t s  pe r  m i l l i o n  us ing  
the  standard curves and then m u l t i p l i e d  by two. D i l u t i o n  was accom- 
p l i s h e d  by i n s e r t i n g  a po lye thy lene "Y" i n  the  chamber sample l i n e  
through which f i l t e r e d  a i r  was in t roduced a t  150 m l .  per  minu te  us ing  
a pump, needle valve,  and f lowmeter (F ig .  7 ) .  The instrument pump 
was main ta ined a t  300 m l .  per minute.  The d i f f e r e n c e  c o n s t i t u t e d  cham- 
b e r  a i r .  The leng th  o f  the T e f l o n  t u b i n g  between t h e  "Y" and t h e  i n s t r u -  
ment insured complete m ix ing  o f  t h e  chamber atmosphere sample w i t h  t h e  
f i l t e r e d  a i r  p r i o r  t o  i t s  a n a l y s i s .  Exper imental  de termina t ions  sub- 
s t a n t i a t e d  the  v a l i d i t y  o f  t h i s  d i l u t i o n  method. 
1- 12 
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1 . 3  NITROGEN D I O X I D E  FUMIGATIONS 
1 .3 .1  INJECTION 
N i t rogen  d i o x i d e  concent ra t ions  were achieved by i n t r o d u c i n g  gas from a 
c y l i n d e r  con ta in ing  l i q u i d  n i t r o g e n  t e t r o x i d e  (N204) under pressure through 
two needle va lves ( i n  s e r i e s )  and 1/8- inch I . D .  Te f l on  tub ing  i n t o  the a i r  
stream o f  the  fum iga t ion  chamber blower.  The c y l i n d e r  was mainta ined a t  o r  above 
25O C by means o f  a f l e x i b l e  hea t ing  tape t o  vapor ize  N204 t o  i t s  gaseous monomer, 
NO2. 
increased o r  decreased as d i c t a t e d  by the cont inuous reco rd ing  NO2 mon i to r  re -  
f e r r e d  t o  i n  a subsequent s e c t i o n  o f  t h i s  appendix. The means o f  d i s t r i b u t i o n  
o f  NO2-laden a i r  w i t h i n  the  chamber was the  same as i n  the f l u o r i d e  fum iga t ion  
chambers descr ibed above. 
1.3.2 NITROGEN D I O X I D E  M O N I T O R I N G  
By man ipu la t ing  the  needle valves,  the  r a t e  o f  NO2 i n j e c t i o n  was manual ly 
Levels  o f  NO2 i n  the  fum iga t ion  chamber were monitored and recorded us ing  
an MSA Por tab le  B i l l i o n A i r e  Analyzer  and a Bausch and Lomb p o t e n t i o m e t r i c  c h a r t  
reco rde r .  
The B i l l i o n A i r e  Analyzer  func t i ons  by reaching the  a i r -gas  sample w i t h  a 
s u i t a b l e  reagent ( i n  t h i s  case, d ie thy lamine)  and pass ing t h i s  aeroso l  through 
an i on  chamber where ions a r e  formed by r a d i a t i o n  f rom a r a d i o a c t i v e  source w i t h -  
i n  t h e  chamber. The i o n  c u r r e n t  produced i s  a f u n c t i o n  of the concen t ra t i on  o f  
vapor p resent  and i s  measured by an e lec t rometer  tube and recorded. 
For the  vapor concent ra t ions  and times requ i red  f o r  t h i s  program, f requent  
c a l i b r a t i o n  of  t he  inst rument  and c lean ing  o f  the i on  chamber were requ i red  t o  
m a i n t a i n  inst rument  response s e n s i t i v i t y .  
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